Cell polarity and asymmetric cell division are fundamental traits of all living cells and play an essential role in embryonic development, neuronal cell chirality formation, and maintenance of mammalian epithelial cell morphology. Heterotrimeric GTP-binding proteins (G proteins) are involved in directing cell polarity and asymmetric cell division in different organisms. However, the mechanism for G-protein-mediated cell polarity and asymmetric cell division is poorly understood. In this study, we have demonstrated that G-protein- 
Introduction
Cell polarity is a common feature of many different cells from Caenorhabditis elegans zygote to mammalian epithelial cells (Wodarz, 2002) . Cell polarization mediates diverse cellular functions, including orientated cell migration, differential cell fate specification, and asymmetric division of stem cells (Jan and Jan, 2001; Li et al., 2003; Macara, 2004) . The initial establishment of cell polarity depends on asymmetric signals that lead to the reorganization of the cell cytoskeleton and the polarized localization of protein complexes in the cells. It has been shown that formation and maintenance of cell polarity require the well-assembled action of Par (partitiondefective) proteins, the normal functioning of heterotrimeric GTP-binding proteins (G proteins) (Bohm et al., 1997; Basham and Rose, 1999; Chant, 1999; Fanto and Mlodzik, 1999; Kemphues, 2000; Schaefer et al., 2000; Jan and Jan, 2001; Knoblich, 2001; Wodarz, 2002; Li et al., 2003; Macara, 2004) , and inevitably the rearrangement of the cytoskeleton (Xu et al., 2003) . Par proteins are key players in the establishment of cell polarity, and were discovered in C. elegans that fail to specify an anterior-posterior axis in the early embryo (Kemphues et al., 1988) . It has been shown that mutations of Par proteins resulted in mislocalization of other cell polarity proteins such as Inscuteable, Numb, and Miranda, and thus led to disruption of cell polarity (Schober et al., 1999; Wodarz et al., 1999; Petronczki and Knoblich, 2001) . Par proteins are conserved throughout the Metazoa, and are coupled to proteins that rotate the spindles and polarize the nematode zygote (Kemphues, 2000; Gomes and Bowerman, 2002; Schneider and Bowerman, 2003) . In other contexts, Par proteins specify apical-basal polarization of epithelial cells, and participate in orientated cell migration, planar polarity, and neuronal-axon specification (Knoblich, 2001; Macara, 2004) . The finding that Par6 binds to Par3 and also directly to the GTPases Rac/Cdc42 offers a promising picture of connecting cell polarity to the cytoskeleton (Kim, 2000; Qiu et al., 2000) . The Par3/Par6/aPKC/Cdc42 protein complex has been demonstrated to play an important role in the anterior/posterior polarity of single-cell embryo in C. elegans and the apical/basal polarity of epithelial cells, as well as polarity formation of the neuroblasts (Chant, 1999; Wodarz, 2002; Shi et al., 2003) . Interesting parallels and similar mechanisms may also exist between cell polarity in epithelial cells and asymmetric cell divisions during animal development (Chant, 1999) .
G-protein-coupled receptors (GPCRs) and heterotrimeric G proteins could function through both intrinsic and extrinsic pathways of asymmetric cell division and polarity (Zwaal et al., 1996; Parent et al., 1998; Chant, 1999; Sheldahl et al., 1999; Gotta and Ahringer, 2001; Li et al., 2003; Meili and Firtel, 2003) . Recently, we and others have demonstrated that in response to chemoattractant receptor activation, G-protein bg (Gbg) subunits are released from the a subunit and recruit phosphatidylinositol 3-kinase (PI3 K) and p21-activated protein kinase 1 (PAK1) to the leading edge of the cell Xu et al., 2003) . PAK1 binds with PIXa, a GEF for Cdc42, and functions as a scaffold that links heterotrimeric G proteins to the Cdc42 GTPase. The PAK1-PIX-Cdc42-Par-PKC protein complexes could be the key cell polarity module linking the PI3K signaling pathway and cell polarity formation in neutrophil chemotaxis and other cellular functions, such as axon specification Li et al., 2003; Shi et al., 2003) . Alternatively, heterotrimeric G proteins can perform their roles in asymmetric cell division and polarity through direct binding with the seven-transmembrane receptors, such as Frizzled in the Wnt signaling pathway (Sheldahl et al., 1999) . Although G-protein coupling of Frizzled receptors in Drosophila and C. elegans has not been demonstrated, the Frizzleddependent responses in zebrafish embryos have been shown to be blocked by pertussis toxin, an inhibitor of heterotrimeric G proteins (Sheldahl et al., 1999) . Therefore, the Frizzled-coupled noncanonical Wnt signaling pathways play important roles in cell polarity formation, vertebrate axis elongation, and cell division orientation (Fanto and McNeill, 2004; Gong et al., 2004; Roegiers and Jan, 2004) .
The phospholipase C b ( PLC-b) family of enzymes is activated by heterotrimeric G-proteins. Activation of GPCR activates the Gaq family of G proteins and leads to the activation of PLC-b enzymes and the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP 2 ) on the cell membrane. The two products generated by activation of PLC-b, inositol 1,4,5-triphosphate (IP 3 ) and diacylglycerol (DAG), are important cellular second messengers and essential regulators of intracellular calcium concentration (Rhee, 2001) . Although heterotrimeric G proteins have been shown to participate in various aspects of cell polarity (Chant, 1999; Schaefer et al., 2000; Knoblich, 2001) , the mechanism of Gprotein-mediated cell polarity in mammalian cell is not clear. In this study, we examined the interaction of Gprotein-activated PLC-b with cell polarity proteins Par3 and Par6, and the potential roles of these interactions in cell polarity and cell signal transduction. We demonstrate that PLC-b can directly interact with Par proteins via the extreme C-terminal sequence motifs (S/TXL) of PLC-b and the PDZ domains of Par proteins. Interaction of PLC-b with Par proteins changes PLC-b cellular localization and modulates PLC-b enzymatic activity, leading to the production of DAG and IP 3 , two important mediators in cell polarity and cell asymmetric division processes. Furthermore, coexpression of PLC-b with Par proteins induced transcriptional activation of serum response element (SRE), nuclear factor of activated T cells (NF-AT), and lymphoid enhancer factor (Lef)-1, which coupled to intracellular Ca 2 þ and Wnt signaling pathway. Together, our data suggest a working model in which PLC-b could form protein complexes with Par3-Par6-Cdc42-aPKC to mediate signaling pathways in cell polarity and cell asymmetric division.
Results

G-protein-activated PLC-b interacts with cell polarity proteins Par3 and Par6
Both Par3 and Par6 proteins contain multiple PDZ domains (PSD95/Dlg/ZO-1) ( Figure 1a) . By binding specifically with the carboxy-terminal S/TXV/L short sequence motifs of given proteins, Par3 and Par6 proteins may serve as indispensable scaffold proteins through interaction with other molecules to mediate protein-protein interactions in cell polarity determination and cell asymmetric division (Songyang et al., 1997; Kim, 2000; Qiu et al., 2000; Macara, 2004) . To examine how the G-protein-coupled signaling pathways are involved in cell polarity and cytoskeletal rearrangement, we found that the extreme C-terminal ends of G-protein-activated PLC-b family of proteins contain class 1 PDZ domain-binding motifs that can potentially interact with Par3 and Par6 proteins using Scansite (http://scansite.mit.edu) with high stringency (Figure 1b ). To test whether the PLC-b family members bind Par3 and/or Par6 proteins, we transfected human embryonic kidney 293 (HEK293T) cells with constructs Protein domains corresponding to each PDZ domain of human Par3 and a sequence region containing all three PDZ domains were subcloned into the CMV-Tag2B vector with a Flag epitope. The binding of PDZ domains to PLC-b was examined using IP and WB analysis with an anti-Flag monoclonal antibody (Sigma). As shown in Figure 3a , PLC-b1 and PLC-b3 bind to the region containing all three PDZ domains of human Par3 in the co-IP assays (Figure 3a) , while PLCb1 and PLC-b3 alone were used as negative controls. Furthermore, we found that PLC-b1 or PLC-b3 only interacted with the first PDZ domain of Par3 and not other PDZ domains when the two proteins were coexpressed in the cells (Figure 3b We next determined the binding motifs of PLC-b1 and PLC-b3 that interact with Par proteins. Both PLC-b1 and PLC-b3 contain the extreme carboxy-terminal motifs (TPL and TQL) for interaction with PDZ domains of Par3 and Par6. To test the direct binding of these motifs in PLC-b-Par protein interactions, we generated the C-terminal deletion mutants by deleting the three amino acids in the extreme C-termini of the PLC proteins using PCR. As shown in Figure 3c , the C-terminal three amino acids (TPL for rat PLC-b1 and TQL for human PLC-b3) are essential for the PDZ domain-binding activity. Deletion of these three amino acid motifs abolishes the binding of the mutant PLC-b1 (PLC-b1DC) and PLC-b3 (PLC-b3DC) with human Par3 and Par6 proteins, respectively (Figure 3c ), suggesting a key role of these C-terminal motifs in the interaction with Par protein PDZ domains.
Par proteins modulate the activation of PLC-b in cell transfection assays
To determine whether PLC-b activity is modulated by Par proteins, we transfected HEK293T cells with cDNAs encoding Flag-PLC-b3, Par3, Par6, and heterotrimeric G-protein b1 and g2 subunits (Liu and Simon, 1996; Xia et al., 2001) , individually or in various combinations, and then measured the activation of PLC-b by Gbg subunits. In the absence of Gbg subunits, the PLC-Par complex stimulated PLC-b3 activity slightly (Figure 4a ). However, in the presence of Gbg subunits, the activity of PLC-b3 was increased significantly compared to each single gene transfection (Figure 4a) , suggesting a positive modulation of Gbgstimulated PLC-b3 activity by Par protein complexes. To demonstrate whether the activation of PLC-b3 is dependent on the specific interaction of PLC-b with Par proteins, we generated a C-terminal PDZ-binding motif mutant form of PLC-b3 and examined the activation of the protein in the IP 3 assays. As shown in Figure 4a , when cotransfected with the PLC-PDZ domain mutant, the activation of the mutant PLC-b3 was significantly downregulated, indicating that the PDZ domainmediated interaction is essential for PLC activity. WB analysis was performed using anti-Flag and anti-Myc antibodies to show that all the transfected plasmids were equally and properly expressed. Our results suggest that binding with Par3 and Par6 synergistically increases the Gbg-mediated PLC-b3 activity, leading to the regulation of intracellular Ca 2 þ concentration and DAG, both activators of protein kinase C in the cell.
PLC-Par protein complexes modulate transcriptional activities in cell polarity and asymmetric cell division PLC-b1 and PLC-b3 have a carboxyl-terminal basic amino-acid nuclear localization sequence (NLS), and the substrate of the enzyme, PIP 2 , also exists at the nuclear membrane (Manzoli et al., 1999; Cocco et al., 2001) . It has been reported that PLC-b can be recruited to the nuclear region (Cocco et al., 2001) , playing a potential role in the nucleus and in gene transcriptional regulation. To study the effects of PLC-b-Par complexes on the modulation of nuclear transcription factors, we used luciferase reporter assays to detect the regulation of transcriptional activities potentially involved in cell polarity and asymmetric cell division. SRE and NF-AT were chosen because of their high sensitivity to calcium (Kerschbaum et al., 1997; van Haasteren et al., 1999) . To determine whether PLC-Par protein complexes affect the transcriptional activities of SRE and NF-AT, we cotransfected either SRE-Luc or NF-AT-Luc with those of PLC-b1, Par3, and/or Par6 into HEK293T cells. As shown in Figure 5a -c, cotransfection of the plasmids encoding either Par3 or Par6 with PLC-b1 alone did not show any significant effect on the transcriptional reporter activity of SRE or NF-AT. However, cotransfection of PLC-b1, Par3, and Par6 stimulated SRE and NF-AT luciferase activity by more than five-and twofold compared to PLC-b1 alone, respectively (Figure 5a and b) . Because of the indispensable role of Wnt signaling pathway in cell polarity, and the relationship of heterotrimeric G proteins and the Frizzled receptor (Sheldahl et al., 1999; Herman, 2002) , we also tested the regulation of transcription factor lymphoid enhancer factor/T-cell factor 4 (Lef/TCF4) by the PLC-b1-Par complex. It has been demonstrated that activation of Wnt signaling pathway leads to the nuclear translocation of b-catenin and the activation of transcriptional factors Lef/TCF4 (Eastman and Grosschedl, 1999) . As shown in Figure 5c , PLC-b1-Par3 and PLC-b1-Par3-Par6 complexes are able to stimulate the transcriptional activity of Lef, suggesting that the PLC-b-Par complex could potentially regulate the Wnt-b-catenin pathway involved in cell polarity determination. Since the Wnt receptor, Frizzled, is a potential seven-transmembrane GPCR, it is interesting to speculate that the formation of a G-proteinmediated PLC-b-Par complex may play a role in the Wnt signaling pathway in cell polarity and asymmetric cell division. In all the transcription activation assays, when Par proteins were cotransfected with the C-terminal mutant of PLC-b1, no activation was observed, indicating that this specific interaction is essential for transcriptional activation of these nuclear factors. WB analysis was performed to demonstrate equal and proper expression of the related proteins using anti-PLC-b1 and antiMyc antibodies (Figure 5d ). It should be noted that PLC-b1 activity is not regulated by Par/Gbg and that PLC-b3 does not regulate transcriptional activation. Since PLC-b1 is activated only by Ga protein while PLC-b3 is regulated by both Ga and Gbg subunits, the discrepancy between PLC-b1 and PLC-b3 in the enzymatic assays and in the transcriptional activation assays may suggest that PLC-b1 and PLC-b3 function differentially and regulate distinct signaling pathways. 
Discussion
The establishment and maintenance of cell polarity reflect the response of organisms to their extracellular environment. To a large extent, extracellular biochemical signals are transduced into cells through cell membrane receptors, among which GPCRs play an important role. GPCRs therefore initiate the activation of downstream signaling pathways and transcriptional changes (Cao et al., 2000) . In addition, the substrate (PIP 2 ) of PLC-b and the two second messengers (IP 3 and DAG) produced by the activation of PLC-b are essential in intracellular calcium regulation and cytoskeleton rearrangement. IP 3 stimulates intracellular calcium release by binding to the receptor on the endoplasmic reticulum, while hydrophobic DAG remains at the cellular membrane and activates canonical protein kinase C (PKC), which could bind and phosphorylate the small GTPase Cdc42 and other cellular proteins involved in cell polarity formation, leading to the dynamic rearrangement of actin cytoskeleton via the Src-and Rho-dependent pathways (Brandt et al., 2002) . Heterotrimeric G proteins have been implicated in cell polarity and asymmetric cell divisions in different organisms (Knoblich, 2001 ). The asymmetric activation of a G-protein-activated signaling pathway could be a common readout of the extrinsic and intrinsic pathways for determining cell polarity and asymmetric cell division although the mechanisms are not clear. In this research, we have demonstrated that the G-protein-activated PLC-b can directly interact with cell polarity proteins Par3 and Par6 to form protein complexes in the cell, which potentially modulate G-protein-activated PLC-b activity in cell polarity formation and asymmetric cell division. As a working hypothesis, one can speculate that Par-3, Par-6, and aPKC form the core of a protein complex that acts as a scaffold to which additional proteins, such as Cdc42 and PLC-b, can be recruited in different cells. The main effector molecules in the PLCb-Par3-Par6-aPKCCdc42 complex will be aPKC identified in previous studies (Chant, 1999; Wodarz, 2002; Shi et al., 2003) and PLC-b identified in this study. One of the major challenges in studying cell polarity is to identify phosphorylation targets for aPKCs in various cell types. Interestingly, our early work demonstrated that PLC-b could be a potential phosphorylation target for protein kinase C (Yue et al., 2000) . Phosphorylation of PLC-b by PKC could modulate the balance of three very important second messenger molecules (PIP 2 , IP 3 , DAG) and intracellular Ca 2 þ , which could play an important role in cell polarity and asymmetric cell division processes. Together, our results suggest a potential point of conversion between cell polarity and GPCR signaling pathway, a link between cell polarity proteins and cell cytoskeleton, and a possible role of cell signaling molecules and intracellular calcium in the establishment and maintenance of cell polarity.
Materials and methods
Cell cultures and transfection
HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM glutamine, in an air-5% CO 2 atmosphere at constant humidity. Plasmids containing rat PLC-b1, human PLC-b3, human Par3, and/or human Par6 cDNAs were mixed with LipofectAMINE plus reagent (Life Technologies Inc.) in Opti-MEM I (Life Technologies Inc.) and incubated at room temperature for 25 min. The LipofectAMINE Plus-DNA complex was added to cells and mixed by gentle agitation. Media containing 20% FBS were added to the cells 6 h after transfection of the plasmids.
DNA constructs
Each PDZ domain and the sequence containing all three PDZ domains in human Par3 were amplified by PCR, and subcloned into CMV-Tag2B vector (Stratagene) with EcoRI and SalI sites, Flag epitope being upstream of the PCR fragments. Primers used for constructs mentioned above are as follows: first PDZ domain 5 0 -GCGAATTCGACCCAGCTC TAATTGGCCTC-3 0 and 5 0 -GCGGATCCGTCGACTAAA TACATTCTGAGGTGCCGA-3 0 ; second PDZ domain 5 0 -GC GAATTCGAGCAGTATGAACAACTATCCC-3 0 and 5 0 -AG GGATCCGTCGACAGGTGTAAGAACAATATCCTCATC-3 0 ; third PDZ domain 5 0 -GCGAATTCTTCCACCCAAGG GAACTGAAT-3 0 and 5 0 -GAGGATCCGTCGACTTTCTGG TCATCCACTGTATTGAG-3 0 . For all three PDZ domains, the forward primer of the first PDZ domain and the reverse primer of the third PDZ domain were used. DNA fragments, encoding rat PLC-b1 and human PLC-b3 C-terminal mutants with the last three amino acids deleted, were amplified by PCR. Primers used for PLC-b1 cloning are 5 0 -GGCGAATTCATGGCTGGG GCTCAG-3 0 and 5 0 -CCGCTCGAGTCAATCAAACTCTCTT CCCGCGTT-3 0 , and for PLC-b3 cloning are 5 0 -ATGAATTCA TGGCGGGCGCCCAG-3 0 and 5 0 -CATCTCGAGTCAGTTC TCCTCCTGGCTCTCCGA-3 0 . The fragments were then digested and subcloned into CMV-Tag2B vector with EcoRI and XhoI sites.
Immunoprecipitation and Western blot
Binding of PLC-b with human Par3 and Par6 in mammalian cells was examined by IP and by WB analysis. Briefly, cells were lysed with RIPA buffer containing 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 20 mM NaFl, 10 mg/ml phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, and 1 mg/ml leupeptin, followed by sonication with 550 Sonic dismembrator (Fisher Scientific) and IP with the indicated antibodies. Anti-PLC-b1 (Santa Cruz), anti-PLC-b3 (Santa Cruz), anti-Myc (Santa Cruz), and anti-FLAG (Clontech) immunocomplexes were recovered by using protein A beads (Sigma). All immunoprecipitates were washed four times with lysis buffer and were separated by SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). After incubation in TBST buffer (20 mM Tris Á HCl, pH 7.5/ 500 mM NaCl/0.02% Tween 20) containing 0.2% BSA and 5% dry milk powder for 2 h, the membranes were probed with the indicated antibodies and visualized with the SuperSignal West Pico detection system (Pierce).
IP3 assay
At 24 h after transfection of the plasmids, 10 mCi/ml of myo-[2-3 H]inositol (Amersham) in 0.5 ml DMEM (without inositol) and 10% FBS was added to the cells. The cells were cultured for 20 h. Before the assays, the cells were washed with 0.5 ml PBS, and then incubated in 0.5 ml DMEM, 10% FBS, and 10 mM LiCl at 371C for 25 min. The cells were lysed by adding 0.3 ml of 10 mM ice-cold formic acid and incubated on ice for 20 min. Phosphoinositols (IP 3 ) were separated by using anion exchange column with the AG-1-8 resin (Bio-Rad) and eluted with elution buffer (1 M ammonium formate, 0.1 M formic acid). The eluted inositol phosphates were mixed with 4 ml of scintillation mixture (BCS; Amersham Pharmacia Biotech) and measured in a liquid scintillation counter.
Luciferase assay
SRE-luc and NF-AT-luc reporter vectors were obtained from the Pathdetect kit (Stratagene), and Lef1-Luc was from Dr Dan Wu's lab at the University of Connecticut. At 48 h after transfection of the plasmids, the cells in a 24-well plate were lysed and harvested in 200 ml of reporter lysis buffer (Promega). After one round of freeze and thaw, cell lysates were centrifuged and assayed for luciferase activities according to the manufacturer's instructions and normalized for total protein. The luciferase assay was carried out using Analytic Luminescence Laboratory's assay reagents and luminometer monolight 2010.
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